There is a need to develop more animal species for assessing toxicity in marine environments.
techniques to produce test animals and their food. Standard protocols have been validated and published for a rotifer acute 9 and a reproductive toxicity test. 10 These are based on the rotifer Brachionus calyciflorus in freshwater and Brachionus plicatilis in seawater. However, it is well appreciated that different rotifer species have different sensitivities to toxicants, 11 so the employing more rotifer biodiversity in toxicity assessment could be advantageous.
In this paper, we describe the production and hatching of DEs by the monogonont rotifer Proales similis De Beauchamp 1907, which inhabits estuaries and coastal marine environments. The biology of this rotifer is being investigated because of its usefulness in aquaculture. [12] [13] [14] As a marine rotifer, Proales also has value in ecotoxicology for toxicity assessment. 15 In recognition of this, we have developed rapid toxicity tests based on hatching of DE to provide animals to initiate tests. We describe methods for a 3-h test based on particle ingestion, a 6 h mortality test, a 72 h reproductive test, and a 24 h DE hatching inhibition test. We used the metals copper, mercury and cadmium as example toxicants and present dose-response data with
EC50s and LC50s estimated from linear regression. The data show that P. similis has great utility for marine toxicity assessment and is a valuable addition to the marine ecotoxicology toolkit.
| METHODS

| Rotifer and algae cultures
Proales similis was described from the Urias estuary in Mazatlan, Mexico by Reyes et al. 16 Our culture was a gift from Dr. S. Nandini, National Autonomous University of Mexico, Campus Iztacala. We verified the taxonomy of this species by collecting genomic DNA and sequencing the cytochrome oxidase I gene using universal invertebrate primers. 17 Proales was maintained in serial dilution culture in 250 mL flasks under continuous fluorescent illumination at 25 C.
Flasks contained 200 mL 15 ppt artificial seawater (ASW) and about 10% Tetraselmis suecica algae in modified F medium. 18 All T. suecica was centrifuged to remove the algae growth medium before using in any rotifer experiments as F media inhibited P. similis reproduction.
Additional T. suecica was added as needed to stock cultures to maintain a density of approximately 2 x 10 5 cells/mL.
Proales similis DEs are morphologically indistinguishable from asexual eggs, so eggs were preserved by allowing rotifers to naturally deposit them in microcentrifuge tubes. A dense population of P. similis (>100 rotifers per mL) was fed concentrated T. suecica, and then transferred to 0.6 mL microcentrifuge tubes in 0.5 mL aliquots. We also discovered that the green alga T. suecica could be preserved desiccated in microcentrifuge tubes. T. suecica was grown in modified F media at 25 C for 1-2 weeks. Cells then were concentrated 2-3x by centrifuging at 3 000 rpm for 2 min and removing the excess growth medium. The concentrated algae then was transferred to 
| Proales similis size growth curve
To determine the growth rate of P. similis females, a tube of DEs was hydrated and incubated for 24 h as described above. Neonates were collected and transferred to a six-well plate with 5 mL ASW and T. suecica was fed ad libidum. Each day, images of 10 rotifers were taken at 45× using a PixeLink camera attached to a stereomicroscope.
Length and width of each animal was measured using ImageJ.
| Proales similis population growth curve
To determine the population growth rate of P. similis, a tube of DEs was hydrated and incubated for 24 h as described above. were taken from the flask and counted to calculate density of rotifers per mL. Additional T. suecica was added to the flask as needed.
Age-specific reproduction of P. similis females was measured on isolated animals in 0.5 mL in a well of a 48-well plate. Neonates were hatched from DEs and transferred to experimental wells within 4 h of their birth.
Experimental conditions were 25 C, 15 ppt ASW and a diet of 6 × 10
5
T. suecica cells per mL. Wells were checked daily and offspring counted and removed, leaving only the maternal female in each well. Females were followed until their deaths and population statistics calculated. Plates were incubated at 25 C in the dark for 6 h. After the incubation, the number of live and dead rotifers was counted in each well and used to calculate the percent survival for each concentration and an LC50 from a linear regression of the dose-response data was estimated.
| Preparation of metal stocks
| Reproductive assay
To measure the effects of the metals on population growth rate, 3-day reproductive assays were performed. Two P. similis neonates hydrated from tubes were placed into each well of a 48-well plate containing 500 μL of 15 ppt ASW, 1 x 10 5 cells/mL T. suecica, and the appropriate metal concentration. Each plate consisted of a control with no metal and five increasing metal concentrations with eight replicate wells for each treatment. Plates were incubated at 25 C in the dark. After 72 h, the total number of animals in each well was counted and used to calculate the average population growth rate (r, offspring per rotifer per day) for each treatment. Population growth rate was calculated using the formula r = (ln(N t ) − ln(N 0 ))/T, where ln(N t ) is the natural log of the total number of P. similis in a well after 3 days, ln(N 0 ) is the natural log of the initial number of P. similis (two), and T is the time (3 days).
| Ingestion assay
To measure the effects of the toxicants on rotifer ingestion rates, 3-h ingestion assays were performed. Approximately 10 adult P. similis fil- 
| Hatching inhibition assay
To examine the effects of copper, cadmium, and mercury on P. similis DE hatching, we employed a 24-h hatching inhibition assay. 500 μL aliquots of a dense P. similis culture in 15 ppt ASW and T. suecica were condensed in 0. 
| Comparative rotifer sensitivity to copperingestion assays
To determine the relative metal sensitivity of P. similis compared to other rotifer species, ingestion assays were performed using several brachionid species. These ingestion assays were performed following the protocol described by Snell. There were eight replicates for each of the six treatments from which mean number of rotifers hatching per well was recorded. A doseresponse curve was calculated using a linear regression and the EC50, the concentration with 50% less hatching than control, was determined.
| Statistical analysis
The non-linear model for the ), growing from a density of about 1 mL −1 on day 1 to 188 mL −1 on day 6 to 947 mL −1 on day 11.
We have summarized the characteristics of Proales simils in Table 1 The means, standard deviations, and 95% confidence limits for all four endpoints (mortality, reproduction, ingestion and hatching) and all three metals (copper, mercury, and cadmium) are summarized in Table 2 . The endpoint with the highest variation among replicates was hatching and the lowest was mortality. Coefficients of variation ranged from 2.74% for copper ingestion to 39.1% for mercury hatching.
| DISCUSSION
Our principal finding is that the marine rotifer P. similis can be a valuable tool for marine toxicity assessment. We have developed P. similis as another diapause egg-based, no culture toxicity test that is convenient, fast and sensitive to a variety of toxicants. Ecologically relevant toxicity assessment requires multiple species with different sensitivities, so having an array of species that can be hatched from diapause eggs for rapid, simple toxicity measurements is especially important.
Snell 20 argued that the rotifer species toxicant sensitivity distribution is much broader than which endpoint is measured. He suggested that toxicity should be measured with the simplest, fastest, least expensive test available on as many species as feasible. This conclusion makes diapause egg-based toxicity tests that do not require culturing of test animals key for toxicity assessment. Development of such tests based on hatching of diapause eggs of P. similis is an important advance since it expands the species of rotifers that can be easily deployed in marine toxicity tests beyond the traditional B. plicatilis.
We described production of P. similis DEs in our lab, but this has introduced another puzzle. We have observed no evidence of males or sex in P. similis, which is a direct contradiction to the orthodox view of the monogonont rotifer life cycle. Work is needed to clarify how DE production is accomplished by P. similis and whether sexual reproduction is involved. We also showed that reproduction and ingestion endpoints are generally more sensitive to the metals copper, cadmium and mercury than mortality or DE hatching. P. similis has similar copper sensitivity to Brachionus manjavacas and B. plicatilis, but its ingestion EC50 for copper is about 4× higher than that of B. rotundiformis.
DE hatching is an ecologically relevant endpoint for assessing sediment toxicity.
Copper toxicity using mortality and DE hatching endpoints has been characterized in B. plicatilis by other authors. Aránguiz-Acuña and Pérez-Portilla 21 reported that a 48 h LC50 for copper in a Chilean strain of B. plicatilis was about 1 mg/L. Reduced diapause egg hatching also was observed when exposed to 0.2 mg copper L −1 . In contrast to their findings, we found P. similis mortality (LC50 = 1.1 mg
) was a more sensitive endpoint than diapause egg hatching (EC50 = 3.4 mg copper L −1 ).
Rebolledo et al. 15 explored mercury toxicity to B. plicatilis and P. similis. They reported significant reproductive effects at 2 μg mercury L −1 in P. similis using life table analysis. This value is more closely related to a no observed effect concentration (NOEC) than the EC50 that we measured. In comparison, we found a mercury EC50 for P. similis population growth rate of 53 μg L −1
.
The basic biology of P. similis has been explored because it is important in larviculture of marine fish like grouper 12,13,22 rusty angelfish, humphead wrasse and Japanese eels. 14 Variables like optimal temperature, salinity and diet for mass culture has been reported by these authors. No mention is made of diapause egg production, storage or hatching in these studies. We have confirmed that the rotifer that we are culturing is indeed P. similis species by DNA sequence analysis of the COI mitochondrial gene. 17 There is substantial evidence that P. similis produces DEs that are capable of withstanding desiccation and able to hatch after several months of dormancy. In our cultures we have observed that adult P. similis do not survive desiccation or high salinity brines. In contrast, at least some eggs laid and aggregated on the bottom of culture tubes are capable of surviving these conditions. Moreover, many of these eggs remain viable after months of storage at 4 C and hatch in 18-21 h after transfer to 25 C and light. Unlike other monogononts, we have not been able to discriminate any morphological differences between DE and eggs developing directly without diapause. Nor have we observed any males or copulation in any of our P. similis populations. A survey of 12 monogonont species found males and described copulation in all taxa, providing the first documentation of sexual reproduction in the families Collothecidae, Trochosphaeridae, and Notommatidae. 23 Unfortunately no members of the Proalidae were investigated, so we have no comparisons for P. similis within this family.
These observations suggest that P. similis is producing its DEs asexually. There is precedent for asexual DE production in Synchaeta pectinata, 24,25 but we do not know how widespread it is among monogonont species. The role of sex in DE production of P. similis is important since DE production is used as evidence of sexual reproduction. 26 If DE could be produced asexually by some monogonont species, we would have to re-think our interpretation of this life cycle.
The DEs of Proales have been observed hatching from natural sediments at several sites. Moscatello and Belmonte 27 described a hypersaline temporary pond (42.5-264 g L −1 ) in southeast Italy where they collected sediment cores. They found that resting stages of several zooplankton species hatched from these cores, including P. similis which was one of most abundant zooplankters at certain times of year. Moreno et al. 28 reported that Proales sp. hatched from DEs DE banks in sediments of aquatic habitats are critical to rotifer population adaptation, persistence, and genetic diversity. 31 34 and Philodina rapida. 35 All of these efforts have exposed active adult rotifers to waterborne toxicants 
